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Edited by Horst FeldmannAbstract Alix and its homologs are involved in various phenom-
ena such as endosomal protein-sorting and adaptation to stress
conditions. In this study, we found that development of Dictyos-
telium discoideum Alix (DdAlix) deletion mutant (alx) cells
was impaired in alkaline pH environments. The fruiting body for-
mation eﬃciency of alx cells at pH 9.0 was signiﬁcantly lower
than that of wild-type cells (6.8 ± 4.2% vs 93 ± 6.3%). The alka-
line-sensitive phenotype of alx cells was rescued by addition of
salt. The phenotype was rescued by exogenous expression of hu-
man Alix as well as DdAlix but not by that of either Saccharo-
myces cerevisiae Alix homolog Rim20 or Bro1. DdAlix may be,
structurally and functionally, more related to human Alix than to
yeast Rim20 and Bro1.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Alix (also named AIP1) and its binding partner ALG-2 are
widely conserved in eukaryotes from protists to mammals
[1–6]. Accumulating evidence suggests that mammalian Alix
plays a role in apoptosis [3,7,8], a non-canonical type of pro-
grammed cell death named paraptosis [9], membrane traﬃc
involving endosomal protein-sorting [10,11] and the budding
of human immunodeﬁciency virus (HIV) (see Ref. [12] for a
review).
The cellular slime mold Dictyostelium discoideum is a useful
haploid model organism for studying many basic issues in cell
biology [13]. Recently, we identiﬁed an Alix homolog, DdAlix,
in Dictyostelium discoideum. Disruption of the DdAlix gene
(alx) by homologous recombination resulted in a fruiting body
formation defect under low extracellular Ca2+ conditions using
Ca2+-EGTA buﬀer, raising the possibility that DdAlix is in-
volved in Ca2+ regulation and/or signaling [14].Abbreviations: MVB, multivesicular body; Vps, vacuolar protein sor-
ting
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doi:10.1016/j.febslet.2005.02.036Bro1 (also known as Vps31 or Npi3) is one of the Alix
homologs in Saccharomyces cerevisiae that is involved in a
later stage of endosomal protein sorting as one of the class
E Vps (vacuolar protein sorting) proteins [15–17]. Saccharo-
myces cerevisiae has another Alix homolog, named Rim20.
A rim20 deletion mutant is sensitive to Na+, Li+, and alka-
line pH. Rim20 interacts with stress-responsive transcription
factor Rim101 and is required for the processing of this
protein [18,19]. Similarly, PalA, an Alix homolog of Asper-
gillus nidulans, interacts with PacC and is required for the
processing [20–22]. Only a single Alix homologous gene
has been found in the DNA database of Dictyostelium. In
this study, we found that alx cells did not form fruiting
bodies under alkaline conditions. This phenotype was res-
cued by the exogenous expression of human Alix protein,
as well as by DdAlix, but not by that of either yeast
Rim20 or Bro1.2. Materials and methods
2.1. Plasmid construction
The coding sequences of Saccharomyces cerevisiae RIM20 and
BRO1 were ampliﬁed by PCR and the PCR products were ligated into
pTX-FLAG [23]. The resultant plasmids, designated pTX-FLAG-
ScRim20 and pTX-FLAG-ScBro1, respectively, were used for trans-
formation. For introduction of mutation into DdAlix cDNA, PCR-
based site-directed mutagenesis was performed according to the pro-
vided instructions for a QuikChange site-directed mutagenesis kit from
Stratagene. pFLAG-Alix [24] was digested with BamHI/SalI and the
human Alix cDNA fragment was cloned into the BamHI/XhoI site
of pTX-FLAG. The resultant plasmid was designated as pTX-
FLAG-HsAlix. Construction of pTX-FLAG-DdAlix was described
previously [14].2.2. Cell culture, transformation and Western blotting
Dictyostelium discoideum cells were cultured in HL5 medium at
22 C. Transformation of Dictyostelium was performed as described
previously [14]. After electroporation, cells were incubated at 22 C
overnight and G418 was added to 10 lg/ml. After isolation of can-
didate colonies, expression of the exogenous protein was conﬁrmed
by Western blotting using an anti-FLAG antibody (M2, Sigma) by
the color development method using diaminobenzidine (DAB) as
described previously [14]. The alx cells expressing exogenous pro-
tein were maintained in HL5 medium in the presence of 10 lg/ml
G418. alx/F-DdAlix cells, which are alx cells expressing
FLAG-tagged DdAlix, were also maintained in the presence of
10 lg/ml G418 [14]. The number of cells was calculated using a
hematocytometer.blished by Elsevier B.V. All rights reserved.
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Developmental analyses were performed as described previously [14]
with a slight modiﬁcation. For experiments of pH 9.0, cells in late log
phase were harvested and washed twice with CHES buﬀer [20 mM
CHES (N-cyclohexyl-2-aminoethanesulfonic acid)–NaOH and 1 mM
CaCl2, pH 9.0]. The cells were then resuspended in the buﬀer to the
concentration of 1 · 107 cells/ml and shaken at 150 rpm for 1 h at
22 C. Cell suspensions were plated at a density of 1 · 107 cells/mixed
cellulose ester ﬁlter (6 · 105cells/cm2) supported with two ﬁlter papers
that had been washed well and soaked with CHES buﬀer. For other
conditions, CHES buﬀer was substituted with the following buﬀers:
CAPS buﬀer [20 mM CAPS (N-cyclohexyl-3-aminopropanesulfonic
acid)–NaOH and 1 mM CaCl2, pH 10.0], Tricine buﬀer [20 mM Tri-
cine (N-[tris(hydroxymethyl)methlyl]glycine)–NaOH and 1 mM
CaCl2, pH 9.0], Bicine buﬀer [20 mM Bicine (N,N-bis(2-hydroxy-
ethyl)glycine)–NaOH and 1 mM CaCl2, pH 7.8], and MOPS buﬀer
[20 mM MOPS (3-morpholinopropanesulfonic acid)–NaOH and
1 mM CaCl2, pH 6.6]. Experiments at pH 9.0 were performed using
CHES buﬀer unless otherwise stated. Developmental phenotypes were
observed under a stereoscopic microscope (OLYMPUS SZX12). Pho-
tographs were taken 48 h after starvation. Eﬃciency of fruiting body
formation was calculated by the following equation: Fruiting body for-
mation eﬃciency (%) = A/(A + B) · 100, where A indicates number of
fruiting bodies and B indicates number of mounds and incomplete
multicellular structures. Very small cell aggregate- or mound-like
structures were excluded from counting. All values are presented as
means ± S.D. of at least three independent experiments.3. Results and discussion
3.1. Failure of alx cells to form fruiting bodies in alkaline
environments
Fungal Alix homologs (Rim20 and PalA) are involved in
alkaline stress response. We investigated whether this is alsoFig. 1. Developmental phenotype of alx cells in alkaline environ-
ments. (A) Wild-type (left), alx (middle), and alx/F-DdAlix (right)
cells were washed, shaken for 1 h, and plated onto cellulose ﬁlters using
CHES buﬀer (pH 9.0). Photographs were taken at 48 h after plating.
Bar: 1 mm. (B) Fruiting body formation eﬃciency of alx cells
decreases in a pH-dependent manner. Developmental analyses were
performed at pH 6.6, 7.8, 9.0 and 10. Fruiting body formation
eﬃciencies of wild-type, alx and alx/F-DdAlix cells are shown by
triangles, squares and circles, respectively. Means ± S.D. of at least
three independent experiments are shown.the case for DdAlix. All developmental experiments were per-
formed using a buﬀer containing 1 mM CaCl2 to exclude the
eﬀect caused by a low extracellular Ca2+ environment [14].
Wild-type cells formed fruiting bodies eﬃciently at pH 9.0
(Fig. 1A, left) and pH 10.0 (Fig. 1B). On the other hand, DdA-
lix deletion mutant (alx) cells formed mounds without tips at
48 h after plating (Fig. 1A, middle). Even 4 days after plating,
alx cells were arrested at the mound stage and did not form
fruiting bodies (data not shown). The phenotype of alx cells
was almost completely rescued by expression of FLAG-tagged
DdAlix (Fig. 1A, right), indicating that the phenotype is
caused by deletion of DdAlix gene. Fruiting body formation
eﬃciencies (see Section 2 for deﬁnition) of wild-type cells were
above 80% under the alkaline conditions examined (Fig. 1B).
The fruiting body formation eﬃciency of alx cells slightly de-
creased even at pH 6.6 and pH 7.8 (77 ± 16% and 68 ± 20%,
respectively). At pH 9.0 using CHES buﬀer and pH 10.0 using
CAPS buﬀer, alx cells hardly formed normal fruiting bodies
(6.8 ± 4.3% and 3.1 ± 1.7%, respectively). Viability of spores
that were formed by wild-type cells at pH 10.0 was examined
by a plaque assay using Klebsiella aerogenes. Almost all spores
formed at pH 10.0 could germinate and form plaques (data not
shown).
3.2. Eﬀects of Na+ and K+ on development in an alkaline
environment
Alternative experiments at pH 9.0 were performed using a
solution buﬀered with Tricine (Tricine buﬀer) instead of
CHES. Surprisingly, alx cells formed signiﬁcantly more fruit-
ing bodies (Fig. 2A left), and the fruiting body formation eﬃ-Fig. 2. Presence of salt alleviated defects of alx cells in development
in an alkaline environment. (A) The use of diﬀerent buﬀers resulted in
diﬀerent phenotypes of alx cells. alx cells were starved to develop
using Tricine buﬀer (left), CHES buﬀer (middle), CHES buﬀer
supplemented with 20 mM NaCl (right). Bar: 1 mm. (B) Quantitative
analyses of the eﬀect of salt on fruiting body formation eﬃciency of
alx cells. Wild-type, alx and alx/F-DdAlix cells were starved to
develop using buﬀers indicated below. Open column, CHES buﬀer;
light gray column, CHES buﬀer supplemented with 10 mMNaCl; dark
gray column, CHES buﬀer supplemented with 20 mM NaCl; closed
column, CHES buﬀer supplemented with 20 mM KCl; hatched
column, Tricine buﬀer. Means ± S.D. of at least three independent
experiments are shown.
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this study contains a signiﬁcantly higher concentration of
Na+ (18 mM) than that of CHES buﬀer (4 mM Na+). Thus,
we suspected that salt has an alleviating eﬀect on morphogen-
esis in an alkaline environment. Indeed, the presence of addi-
tional 10 or 20 mM NaCl in CHES buﬀer signiﬁcantly
increased the fruiting body formation eﬃciency of alx cells
to 39 ± 6.8% and 64 ± 6.8%, respectively (Fig. 2A right
and B). Twenty mM KCl also increased the fruiting body for-
mation eﬃciency of alx cells (Fig. 2B, 72 ± 11%). The possi-
bility of an eﬀect of Cl can be excluded because Tricine buﬀer
does not contain Cl. These results suggest that monovalent
cations such as Na+ and K+ inﬂuence alkaline sensitivity of
alx cells. Indeed, Krichevsky and Wright [25] reported a po-
sitive eﬀect of monovalent cations when Dictyostelium cells
were developed on a water-agar plate. The sensitivity of alx
cells to an alkaline condition is likely to be enhanced by a sub-
optimal salt condition during development. Fruiting body for-
mation eﬃciency of alx cells slightly decreased even at pH
6.6, which is a physiological condition for Dictyostelium cells,
and at pH 7.8 (Fig. 1B). These results seem to be contradictoryFig. 3. Expression of various exogenous Alix proteins in alx cells. (A) Sch
rhophilin conserved domain: registered as BRO1 domain in the NCBI conse
(proline-rich region) are represented by gray and closed boxes, respectively. F
DdAlixY315F and alanines in DdAlixDN310AA, respectively. ScRim2
Saccharomyces cerevisiae Bro1, and Homo sapiens Alix, respectively. (B) Ex
were expressed in alx cells, and the lysates of these cells were analyzed by W
cells expressing FLAG-tagged DdAlix (lane 3), DdAlix DPRR (lane 4), DdAl
(lane 8), and HsAlix (lane 9) were subjected to SDS–polyacrylamide gel electr
panel). For Western blotting, proteins were transferred to a polyvinylidene di
using an anti-FLAG monoclonal antibody (lower panel).to our previous results using other buﬀers [14]. The diﬀerence
between these results and previous results may be due to the
diﬀerence in the contents of Na+, because MES buﬀer and
HEPES buﬀer used in our previous study contained higher
concentrations of Na+ than did MOPS buﬀer and Bicine buﬀer
used in this study (Na+ concentrations: MES, 14 mM; HEPES,
13 mM; MOPS, 4 mM; Bicine, 4 mM).3.3. Eﬀects of expression of Alix mutants on morphogenesis of
alx cells
To determine which region of DdAlix plays an important
role in morphogenesis in alkaline environments, mutant DdA-
lix expression constructs (Fig. 3A) were transformed into alx
cells and the expression of the proteins was conﬁrmed by Wes-
tern blotting (Fig. 3B). These cells were starved to develop in
an alkaline pH environment (CHES, pH 9.0). All of the alx
cells expressing each mutated DdAlix protein were rescued
for the phenotype (Table 1). The results indicate that the pro-
line-rich region, conserved tyrosine (Y315), aspartic acid andematic presentation of constructs expressed in alx cells. BRD (Bro1-
rved domain database; accession number 17278; pfam03097) and PRR
and AA represent the amino acid residues of mutated phenylalanine in
0, ScBro1 and HsAlix indicate Saccharomyces cerevisiae Rim20,
pression of Alix constructs in alx cells. The constructs shown in (A)
estern blotting. The lysates of wild-type (lane 1), alx (lane 2), and alx
ixY315F (lane 5), DdAlixDN310AA (lane 6), ScRim20 (lane 7), ScBro1
ophoresis (PAGE) and Coomassie brilliant blue (CBB) staining (upper
ﬂuoride (PVDF) membrane, and various Alix constructs were detected
Table 1
Eﬀects of expression of various Alix proteins in alx cells on the
alkaline-sensitive phenotype
Exogenously expressed
protein in alx cells
Fruiting body formation
eﬃciency mean ± S.D. (%)
Not expressed 6.8 ± 4.2
DdAlix 92.9 ± 2.0
DdAlixDPRR 86.5 ± 4.8
DdAlixY315F 95.6 ± 1.4
DdAlixDN310AA 84.1 ± 2.5
ScRim20 6.6 ± 6.0
ScBro1 8.8 ± 7.6
HsAlix 62.1 ± 14.4
A series of proteins were exogenously expressed in alx cells, and the
cells were allowed to develop at pH 9.0 using CHES buﬀer as described
in Experimental procedures. At 48 h after plating, photographs were
taken and fruiting body formation eﬃciencies were calculated.
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discussion) of DdAlix are not related to the alkaline-sensitive
phenotype of alx cells.
A proline-rich region of mammalian Alix is required for
interaction with many proteins such as ALG-2, endophilin I,
SETA/CIN85, Tsg101 [6,12]. Dictyostelium has two ALG-2
homologous proteins DdPEF-1/DdALG-2a and DdPEF-2/
DdALG-2b [4,26], but we could not detect their interactions
with DdAlix by a coimmunoprecipitaiton assay (data not
shown). Recently, we have narrowed the ALG-2-interacting
sequence of human Alix down to 33 amino acid residues con-
taining four repetitive PxY motifs [24]. There are no such
repetitive PxY motifs in the proline-rich region of DdAlix.
The Dictyostelium ALG-2 homologs may not strongly interact
with DdAlix in vivo, and they are unlikely to be involved in
alkaline stress response. Indeed, Pen˜alva and Arst [19] re-
ported that Aspergillus nidulans DalgA mutant, which is a null
mutant of the single ALG-2 ortholog, showed no phenotype
on pH regulation.Fig. 4. Phylogenetic tree of the Alix protein family. Amino acid sequences of
1–661) were aligned and a bootstrap tree ﬁle was created by use of the CLUST
Species names are abbreviated as follows: Sc, Saccharomyces cerevisiae; A
discoideum, Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; Hs,
GenBank/EMBL/DDBJ accession numbers are indicated in parentheses. Ho
amino acid replacement per site.3.4. Expression of heterologous Alix homologs in alx cells
To determine whether the alx phenotype is complemented
by Alix homologs from diﬀerent organisms, alx cells express-
ing yeast Rim20, Bro1 or human Alix were also established
(Fig. 3). Expression of human Alix rescued the phenotype to
some extent (62 ± 14%), while alx cells expressing yeast
Rim20 or Bro1 did not form fruiting bodies eﬃciently under
alkaline conditions (Table 1). The expression levels of yeast
Rim20 and Bro1 were lower than that of human Alix (Fig.
3B). The expression level of DdAlixDPRR was similarly lower,
but this mutant substantially rescued the phenotype. Thus, the
inability of yeast proteins to complement the phenotype may
depend not on the expression levels but on the structures of
the proteins. These results suggest that human Alix is, com-
pared to Rim20 and Bro1, functionally more related to DdA-
lix. In support of this, a phylogenetic tree constructed after
multiple amino acid sequence alignments indicates that a sim-
ilarity between DdAlix and human Alix is even higher than be-
tween DdAlix and yeast Alix homologs (Fig. 4) in spite of the
longer evolutionary distance between the cellular slime mold
(Mycetozoa) and humans (Metazoa) [27]. In yeast, Rim20
and Bro1 are functionally diﬀerent and cannot compensate
each other [15,18]. We speculate that during evolution an
ancestral Alix gene diverged into RIM20 and BRO1 for spe-
ciﬁc functions in yeast but maintained dual functions as a sin-
gle gene in other organisms.
3.5. Functions of Alix and its homologs
In Saccharomyces cerevisiae and Aspergillus nidulans, Alix
homologs (Rim20 or PalA) are required for proteolytic cleav-
age of Zinc-ﬁnger type transcription factors (Rim101 or PacC),
and this processing is critical for alkaline adaptation [18–20].
Alanine substitutions for D292 and N293 of Rim20, which
correspond to D310 and N311 of DdAlix, resulted in a defect
in Rim101 processing [18]. This observation indicates the
requirement of these two residues in alkaline response through
Rim101 signaling. In contrast, expression of a DN310AA mu-Alix homologous proteins in the regions comparable to Rim20 (residues
AL X program [32]. The phylogenetic tree was drawn with NJ plot [33].
n, Aspergillus nidulans; At, Arabidopsis thaliana; Dd, Dictyostelium
Homo sapiens. The name Alix of Arabidopsis thaliana is tentative.
rizontal branch lengths are drawn to scale with the bar indicating 0.05
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alanine residues, rescued the phenotype of alx cells (Table 1).
Dictyostelium probably does not have a Rim101/PacC homo-
log since we could not ﬁnd any protein that possesses a
Rim101/PacC-speciﬁc Zn-ﬁnger motif. Rim101/PacC homo-
logs are conserved in yeast and fungi but not in higher eukary-
otes such as nematodes, fruit ﬂies and mammals. If there is no
Rim101/PacC homolog in Dictyostelium, how do Dictyoste-
lium cells transmit alkaline stress and adapt? Our ﬁnding sup-
ports the speculation that an alternative pathway substitutes
for Rim101/PacC signaling in Dictyostelium. However, we can-
not exclude the possibility that Alix mediates activation of
PacC-unrelated transcription factors in Dictyostelium and
other organisms [21,22].
Bro1, another yeast homolog of Alix, does not function in
the Rim101 pathway but functions as a class E Vps protein
in the multivesicular body (MVB) formation pathway for sort-
ing proteins from the trans-Golgi network or cell surfaces to
vacuoles [28]. Formation of MVB-like liposome in vitro re-
quires a pH gradient across the membrane [29]. Vps44/Nhx1
is an Na+-H+ exchanger localized at endosomes. A vps44Dmu-
tant shows class E vps phenotype such as carboxypeptidase Y
secretion, formation of an aberrant membrane structure called
class E compartment [30]. Sodium ions in the cytosol are
sequestered in endosomes by Vps44 using the H+ gradient as
a driving force. These observations suggest that there is a close
relationship between ion homeostasis and membrane traﬃc.
Prolonged exposure to an alkaline environment may disrupt
the endosomal pH homeostatis in alx cells, leading to a defect
in MVB sorting and ﬁnally resulting in the phenotype of devel-
opmental arrest at the mound stage. Interestingly, some class E
Vps proteins comprising ESCRTs (endosomal sorting complex
required for transport) have been also shown to be involved in
Rim101 processing [31]. The present ﬁnding of the alkaline
sensitivity of the alx cells in Dictyostelium would deepen
our understanding of a relation between alkaline adaptation
and membrane traﬃc regulation.
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